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Chapter 3: Nanoelectrode Arrays Fabrication

im=4ntnFcDR/ (4 |+mr)

where n is the number of electrons exchanged, Fis the Faraday constant, Cis the
analyte concentration expressed in mol/cm?, D is the diffusion coefficient, r is

the hole radius and | is the recession depth.

The theoretical value of limiting current for an array of 11600 electrodes with
r=90 nm and 1=22 nm is 2.089*107 A. The deviation from theoretical limiting
current and from sigmoidal shape is probably due to polycarbonate residues in
the bottom of nanoelectrodes, which cause some resistance in electron

exchange.

For this reason, nanoelectrodes radius was increased from 90 to 125 nm and an
oxygen plasma treatment was introduced, in order to clean the bottom of

nanoelectrodes.

O, plasma parameters are reported in table 3.2.

ICP parameters

Process 0, strip
0, 40 sccm
Pressure 4mT
Coil 200w
Platen 10W
Bias 30V

Table 3.2 Induced Coupled Plasma parameters used for removal of polymer residues from
bottom of nanoelectrodes.

Cyclic voltamograms relative to NEAs of different recession depth treated with
different times of O, plasma are reported in figure 3.6 while experimental and

calculated limiting currents are reported in table 3.3.

80



Chapter 3: Nanoelectrode Arrays Fabrication
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Figure 3.6 CVs recorded in FA 10° M and 0.5 M NaNOs. Scan rates 30, 50, 75, and 200 mV/s. (a)—
(c) refer to NEAs obtained from PC2% and treated with different times of O, plasma (respectively,
0, 2 and 4 s); (d)—(f) refer to NEAs obtained from PC3% and treated with different times of O,

plasma (respectively, 0, 4 and 8 s).

0, Plasma

PC2% (recession depth 22 nm)

PC3% (recession depth 90 nm)

time (sec) . “calc (A*10-)

lim €xp (A*10-")

lim calc (A*10-7)

lim €Xp (A*10-")

2.089
2.176
2.263

0 &M N O

2.252
1.683
2.452

1.379

1.450
1.523

1.103

1.370
1.168

Table 3.3 Comparison between experimental and calculated limiting current for NEAs obtained

from PC2% and PC3%.
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Chapter 3: Nanoelectrode Arrays Fabrication

The agreement between theoretical and experimental values is good,
considering the deviations from ideal geometry. In fact, the differences in the
calculated limiting current arise from the high roughness of the BDD surface,
which makes it difficult to measure the recession depth and the slight increase of
radius due to ICP treatment. The average recession depth measured with a
Dektak Profilometer resulted to be 22 nm for NEAs obtained from PC2% and 90
nm for NEAs obtained from PC3%, and, as expected from the theoretical model,

an increasing recession depth corresponds to a decreasing limiting current.

The treatment with O, plasma removes the residues of polycarbonate from the
bottom of nanoelectrodes with the consequent improvement of the
voltammetric signals which acquire a sigmoidal shape over a broad range of scan
rates, indicating that under these conditions the diffusion regime is pure radial

(maximum improvement of signal to noise ratio).

3.2 Nanoimprint Lithography

The suitability of polycarbonate for patterning process based on nanoimprint
lithography was tested. Nanoimprint lithography tests were made with a master
consisting of a grating of 250 nm wide lines and 500 nm periodicity. A solution of
polycarbonate 3% was spin-coated at 3000 rpm for 1 minute on a substrate of Si

<100> and subsequently the sample was annealed at 170 °C for 30 minutes.

The imprinting process was carried out at 180 °C applying a pressure of 10 MPa
for 6 minutes. Then, the sample was treated in oxygen plasma for 30 seconds.

SEM micrograph of the obtained structure is shown in figure 3.7.
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Chapter 3: Nanoelectrode Arrays Fabrication

LILIT 100NM  EHT= 300KV Mag= 37.13KX FIB Lock Mags=No  FIB In M i Date :16 Jun 2011
CNR-IOM 4 wo m  FIB Mag= 2.00 K XFIB Probe =500 pA  Signal B = SE2 Syste = 1.21e.005 mBar

Figure 3.7 SEM pictures of nanoimprinted polycarbonate.

After assessing the nanoimprint process on polycarbonate, a suitable master for
NEAs fabrication, i.e. with an array of nanopillars, was fabricated according to

the following procedure:

e First, a Si <100> substrate with 40 nm of sputter-deposited tungsten was
spin coated with PMMA 671.02 at 2000 rpm and then it was annealed at
180 °C for 30 minutes. A film of 160 nm was obtained using these

parameters.

e Then, a hexagonal array of 125 nm radius dots with 3 um spacing was
exposed by electron beam lithography, using a dose of 300 uC/cm2 and a
current of 20 pA. The lithography was developed for 45 seconds in a
solution 1:3 of Methyl Isobutyl Ketone (MIBK) and Isopropyl alcohol (IPA)
and then the sample was rinsed for 20 seconds in IPA. The resulting

structures are shown in figure 3.8.
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Chapter 3: Nanoelectrode Arrays Fabrication

EHT= 300kV Mag= 591KX FIB Lock Mags = No F - M Date :17 Apr 2012
CNR-IOM [~ Wp= 6mm FiBMag= 246X FIBProbe=500pA g

Figure 3.8 SEM micrograph of EBL exposure on PMMA 671.02 deposited on Si <100> (+W base
plating).

e After that, an electrochemical growth of nickel was carried out on the
sample in order to create pillars in the holes obtained by EBL. The
electrochemical growth exploits the well known process of discharge of

metal ions in a solution when a voltage is applied.

The most basic scheme for DC electrolysis can be seen in figure 3.9: two
electrodes are immersed in a solution, connected to the output of a DC
current source. The metal is deposited onto the cathode and the anode
completes the electrical circuit. The anode can be made of the same
metal to be deposited, dissolving and releasing metal ions in the solution
(sacrificial anode), or permanent, usually made of platinum coated
titanium. In the latter case, the metal ion depletion from solution is

obtained by adding a metal salt in the solution.

84



Chapter 3: Nanoelectrode Arrays Fabrication

The anode type used in IOM-CNR electrodeposition station is permanent

one, thus the metal ions derive from metal salts added to solution.

el | s
|
R A
v
(A)
N
Cathode Anode

C Anions |
Cations O

L Electrolyte

Figure 3.9 Main components of a DC electrolysis system.

The electrodeposition station worked in a standard nickel sulphate
solution (Watts bath) at a current density of 10 mA/cm? for 12 seconds at

35°cC.

o After the growth, the resist was dissolved in hot acetone and then an
induced coupled plasma (ICP) process was used to transfer the pillars
pattern on silicon (figure 3.10). ICP parameters are summarized in table

3.4.
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Chapter 3: Nanoelectrode Arrays Fabrication

f

LILIT 200nM" EHT= 300KV Mag= 8.12KX FIB LockMags=No  FIB Imaging = SEM
CNR - IOM 1 WD= 6mm  FIBMag= 246X FIBProbe=500pA Signal B = SE2

Figure 3.10 SEM micrograph of silicon pillars after ICP dry etching.

ICP parameters

C4Fg 60 sccm
SF; 30 sccm
Ar 10 sccm
Pressure 8mT
Coil 400 W
Platen 20 W
Bias 95V

Table 3.4 ICP parameters for pattern transfer dry etching process with fluorine based plasma.

e In order to remove the layers of W and Ni (see magnification in figure
3.10) from the top of pillars, a treatment in hot (65 °C) H,0, was
performed, followed by immersion of the sample for 10 minutes in

Piranha solution (H,SO4: H,0, = 70 : 30) at 85 °C.
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Chapter 3: Nanoelectrode Arrays Fabrication

LILIT 200NM" EHT= 300V Mag= B.12KX FIBLockMags=No FIBImaging=SEM  Signal A= InLens Date :19 Apr 2012
CNR-IOM H WD= 8mm  FIBMag= 246X FIBProbe=500pA Signal B = SE2 System Vacuum = 8.13¢ 006 mBar

- L - L T

Figure 3.11 SEM micrograph of pillars after silicon cleaning.

The final step in the stamp preparation consisted of applying a low-
surface energy coating (anti-sticking layer) to reduce the stamp’s surface
energy promoting the demoulding of the stamp from the sample without
pattern damage. In fact, a critical issue in nanoimprint lithography is the
separation of the stamp from the imprinted polymer because of the
adhesive force between the two surfaces; the high density of nanoscale
structures on stamp surface increases the total area of contact, leading to
stronger adhesion.

The anti-adhesive coating has to be chemically inert and hydrophobic, but
at the same time it has to allow the filling of the mould cavities when the

polymer is in its viscous state.

Trichlorosilanes with different carbon chain lengths are commonly used
thanks to their property of forming self-assembled monolayers with very
low surface energy, of being rather inert and stable and high resistance
against temperature and pressure. They support multiple long embossing

sequences with repeated temperature cycles higher than 200 °C.
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Chapter 3: Nanoelectrode Arrays Fabrication

The low surface energy layer on stamp surfaces improve imprint qualities
and also it increases the stamp lifetime significantly by preventing or

reducing surface contamination.

The antisticking layer was formed on prepared stamp for NEAs (after O,
plasma treatment that lead to the formation of -OH groups on its
surface), by deposition of trichloro(octadecyl)silane in vapour phase, i.e.
by applying a moderate vacuum of some mbar in a vacuum chamber

containing a drop of silane solution.
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Figure 3.12 Reaction between the silane head group and the silicon surface.
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Chapter 3: Nanoelectrode Arrays Fabrication

The entire process of mould fabrication is summarized in table 3.5.

Lithography
Substrate Si <1005 + W(40 nm)
Resist PMMA 671.02 @2000 rpm
Bake 180 °C for 30 min
Exposure 300 uC/cm? (20 pA, 30 KeV)
Development MIBK : IPA = 1:3 t=45" T=RT

IPA t=45" T=RT

Metal Growth and Dry Etching

Ni growth 10 mA/cm?
Resist Removal Hot (CH3),CO
Pattern transfer fluorine based plasma (see tab 3.2)

Metal removal and Anti-Sticking Layer Formation

Cleaning silicon Pillars H,0, at 65 °C
H,S04: H,0, =70 : 30) at 85 °C
Surface Modification O, plasma + OTS vapour deposition

Table 3.5 Parameters for mould fabrication.

Using the obtained mould, NEAs have been fabricated by Nanoimprint

Lithography using the parameters reported in table 3.6.

After the imprinting, the samples were treated with O, based plasma for 30
seconds (see table 3.2) in order to remove the residual layer from the bottom of

nanoelectrodes. A SEM image of imprinted NEA is reported in figure 3.13.

89



Chapter 3: Nanoelectrode Arrays Fabrication

Substrate Si <100> + BDD
Resist PC 4% @2000 rpm
Bake 180 °C for 30 min.
Thickness 220 nm

Imprinting Temp. 190 °C

Pressure 10 MPa
Time 6 min.
Release Temp. 80°C

Table 3.6 Nanoimprint Lithography Parameters for NEAs fabrication.

LILIT UM ENT- 300K Mag= 539KX  FIB LockMags = Yes SEM  Signal A= In e 30 0ct 2013
INFM-TASC | 1 539KX FIB Probe = 50 pA £2 s 24e.005 Torr

2]

Figure 3.13 SEM image of nanoelectrode array pattern on PC deposited on BDD obtained by NIL.
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Chapter 3: Nanoelectrode Arrays Fabrication

3.2.1 Electrochemical characterization

Electrochemical measurements on NEAs were carried out at room temperature
in a three-electrode cell with a platinum coil counter electrode and an Ag/AgCl

(KCl satured) reference electrode, connected to a Palmsens potentiostat, using

(ferrocenylmethyl) trimethylammonium hexafluorophosphate (FA*PF¢) 10> M as
reversible redox probe.

Figure 3.14 reports a comparison between cyclic voltamograms recorded with
NEAs made by electron beam lithography and nanoimprint lithography.
Comparable results can be obtained with both techniques, indicating that NIL is

an efficient process to produce NEA.

— EBL
—NIL

Current/ 1e-9 A

T T T 1
0,0 0,4 0,8

Potential / V

Figure 3.14 Comparison between CVs recorded with NEAs made by different lithographic
techniques.
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Chapter 4: Surface Functionalization

4.1 Characterization and activation of PC surface of NEAs

The presence of -COOH groups on the surface of PC based NEA and the strategies
to increase this functionality have been investigated in order to immobilize
biological molecules, in particular DNA, on NEAs surface. At first, the PC surface
of NEAs was characterized by spectrochemical titration with thionine acetate in
order to estimate the amount of the carboxylic groups present on the surface
available for the probe immobilization. The thionine procedure has previously
been used for the quantitative determination of carboxylic groups on activated
polymers ** and involves the formation of ion pairs between the cationic dye

and carboxylate moieties through the following reaction:

10h, 20°C
~~COOH + D'A™ ———— «COOD + HA

E1OH

where DYA ™ are

OO, o=
NHg §/ NH,

Figure 4.1 Reaction scheme of thionine acetate with carboxylic group.

So, first of all, a NEA was immersed overnight in a 0.1 mg/mL solution of the dye
in a mixture of water and ethanol (1:1). NEA was then removed from solution
and it was washed in milli-Q water in order to clean off the excess of solution.
Successively the sample was immersed in a known volume of a 10 M solution of

HCl in water/ethanol (1:1).

! Médard N., Aouinti M., Poncin-Epaillard F., Bertrand P., Surf. Interface Anal. 31 (2001), 1042.
% Geismann C., Ulbricht M., Macromol. Chem. Phys. 206 (2005), 268.
> Médard N., Soutif J.-C., Poncin-Epaillard F., Surf. Coat. Technol. 160 (2002), 197.
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Chapter 4: Surface Functionalization

This step allows to substitute the dyes molecules with hydrogen atoms (inverse

reaction, figure 4.2), leaving the dyes in solution.

1.5h, 20°C

~COOD + HA > ~~COOH + D A~

EtOH/H;0, HC1

Figure 4.2 Inverse reaction.

The dye concentration was determined with a Cary 4E UV-Vis

spectrophotometer using a calibration curve (figure 4.3).

04 4
0,3 -
Y= BE198x
R:=0,9094
2 02
L=
0.1
i T T T T T
OE+00 1E-06 2E-06& 3E-0/ AE-06 SE-0&

Crxa (molfL)

Figure 4.3 Calibration curve of thionine acetate. Absorbance was measured with a Cary UV/Vis
spectrophotometer.
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Chapter 4: Surface Functionalization

The amount of -COOH groups was then calculated from the moles of thionine

acetate because every thionine acetate molecule binds only one -COOH group.

The average amount of -COOH groups determined on the polymeric surface of

the NEAs resulted to be 3.07*10”° mol.

The activation with O, based plasma was performed in order to study the
possibility to increase the number of -COOH groups present on the polymeric
surface, applying different times of exposure. ICP parameters are reported in
chapter 3 (table 3.2). The surface modification was monitored with contact angle
measurement (figure 4.4 and table 4.1) and by spectrochemical titration with
thionine acetate. The results were then compared with those obtained with non-

activated NEAs (table 4.2).

A A
= WS

Figure 4.4 Water contact angles pictures recorded with a Kriiss GmbH instrument: (a)—(c) refer to
PC surfaces obtained from spin coating of PC2% and treated with different times of O, plasma
(respectively, 0, 2 and 4 s); (d)—(f) refer to PC surfaces obtained from spin coating of PC3% and
treated with different times of O, plasma (respectively, 0, 4 and 8 s).
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Chapter 4: Surface Functionalization

Plasma Contact angle
time (sec) (deg)
PC2%  PC3%
0 97.1 96.5
2 94.9 -
4 53.5 44.5
8 - 41.9

Table 4.1 Water contact angle values as a function of O, plasma time.

Plasma mol THA
] (=mol COOH)
time (sec) %107
0 3.07
4 7.74
8 4.09

Table 4.2 Concentration of —COOH groups obtained with and without activation of PC surface
through O, based plasma and quantification using THA dye.

Surfaces of PC obtained from spin-coating of polymer solution present, even
without any treatment, a higher concentration of carboxylic groups, with respect
to, for example, nanoelectrode ensembles obtained from track etched
membranes (untreated NEEs from ref 4 contains 9.7 * 10° mol/cm®
corresponding to 6.8 *10™ mol THA). Hence, plasma treatment results to be
more efficient for improving voltammetric signals (figure 3.6, chapter 3) than for

activating the surface.

* Silvestrini M., “Advances in the Use of Nanoelectrode Ensembles in Analytical Chemistry and
Molecular Diagnostics” (2011)
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Chapter 4: Surface Functionalization

4.2 Functionalization of PC surface of NEAs

4.2.1 Fluorescent Label

Carboxylic groups present on the surface of PC as terminal were exploited for the
immobilization of the single-stranded DNA strands modified with fluorescein

(acD1quo) using a carbodiimide/succinimide strategy (figure 4.5).°

cr
N/
* NH
Q0
o. A
0 0 JN\ o) O mwNH, 0
_N _—
OH O NH 8] amino-end H”W“”
K o} +<DNA
cr
N/ t;o

==

OZ

T

5 P

j§

| EDC
[ Sulfo-NHS

Figure 4.5 Reaction scheme or the -COOH surface groups chemical activation.

Before proceeding with the immobilization of the oligonucleotide probes, the
carboxylic groups were activated by immersion of NEAs into a 0.1 M HEPES
buffer solution (pH 7.5) containing 0.5 mM EDC [N-ethyl-N'-(3-
dimethylaminopropyl) carbodiimide hydrochloride] and 0.8 mM sulfo-NHS [N-
hydroxysulfosuccinimide sodium salt]. The sample was incubated for 20 min
under shaking (at RT). The addition of the succinimide derivative stabilizes the
intermediate ester obtained by reaction between EDC and carboxylate groups,

thus increasing the efficiency of the coupling reaction with the amino-ssDNA.

> Staros J.V., Wright R.W., Swingle D.M., Anal. Biochem. 156, (1986) 220.
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Chapter 4: Surface Functionalization

The functionalization was done transferring the electrodes into a 0.1 M HEPES
buffer solution (pH 7.5) containing 400 pmol of acD1s,, strands and incubated

for 2 h at 37° C under shaking.

In order to deactivate unreacted carboxylic groups, a blocking treatment was
performed, immersing the electrode in ethanolamine 20 mM in 0.01 M PBS
solution (pH 7.4) for 30 min at RT, under shaking. Ethanolamine is used to
deactivate the remaining NHS-activated carboxylic groups ® onto the polymeric
membrane. The advantage of using ethanolamine is that it is a small molecule
and unlike BSA, casein or other protein blocking systems, it does not interfere

with biological macromolecules present on the surface of the NEAs.

The NEAs were finally rinsed with buffer and then the electrodes were observed
with an inverted fluorescence microscope Nikon Eclipse (magnification 60x, H,0

Differential Inverted Contrast 1.5x). The resulting image is shown below.

Figure 4.6 Fluorescence image of functionalized NEA.

® park J.-S., Abbott N.L., Adv. Mater. 20, (2008) 1185.
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Chapter 4: Surface Functionalization

To evaluate specific and non specific interactions between the surface and DNA,
and to be sure that the fluorescence is only due to DNA chemically bonded to the
surface, four arrays (indicated by letters from E to H) have been functionalized
combining in different ways the activation of carboxylic groups with EDC and
sulfo-NHS and the promotion of additional carboxylic groups with oxygen plasma

(table 4.3).

0, plasma EDC/sulfo-NHS

I OO =m m
+
+

Table 4.3 Activation treatments made on NEAs.

Only the samples treated with EDC and sulfo-NHS showed fluorescence (figures
4.7 a and b), indicating that aspecific absorption of DNA was undetectable and
that chemical treatment with EDC and sulfo-NHS is necessary for

functionalization.

Figure 4.7 Fluorescence images of (a) NEA E treated with EDC and sulfo-NHS; (b) NEA G treated
with 8 seconds of O, plasma and successively with EDC and sulfo-NHS.
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Chapter 4: Surface Functionalization

The hybridization reaction has been carried out on a NEA functionalized as
previously described, with acD1 (non-labelled) sequence. After the blocking step
with ethanolamine, the NEA was washed with PBS buffer and then it was spotted
on it a drop containing 20 pmol of the fluorescein labelled complementary
target. The system has been covered and maintained at room temperature for 2
hours. After the incubation time, the sample was washed with PBS buffer and

then observed with the fluorescence microscope.

The fluorescence image of the sensor is reported in the picture below, indicating

a successful hybridization.

Figure 4.8 Fluorescence image of functionalized and hybridized NEA.

4.2.2 Electrochemical Label

The detection scheme chosen for electrochemical revelation of hybridization is
reported in figure 4.9 and it is based on enzymatic label. As reported in the
picture, in addition to an immobilized enzyme, this type of scheme involves the
presence of its substrate and a mediator that promotes electron transfer

between the active site of the protein and the electrodic surface.
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Chapter 4: Surface Functionalization

Sub

Prod

PC

Figure 4.9 Schematic picture of enzymatic detection of DNA hybridization.

In the specific case, glucose oxidase was wused, with glucose and
(ferrocenylmethyl)trimethylammonium  hexafluorophosphate  (FA'PFs) as

mediator.

Preliminary tests were carried out with enzyme, substrate and mediator in
solution. Constant concentration of mediator (0.1 mM) and substrate (50 mM)
were used, while enzyme concentration was increased up to 400 pmol (figure

4.10).

The voltammogram reported in black is relative to the reversible oxidation of the
mediator (FA®). In presence of glucose, after the addition of the enzyme, the
shape of voltamograms changes in an evident manner: the oxidation peak
increases, while the reduction peak totally disappears, due to chemical reduction

of mediator by reaction with the enzyme.
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Chapter 4: Surface Functionalization

e +400 pmol Gox
+200 pmol Gox
—— +80 pmol Gox
+40 pmol Gox
g +20 pmol Gox e
o —— bare NEA e T
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Figure 4.10 Cyclic voltamograms recorded with a bare NEA in a deoxygenated 10" M PBS solution
(pH 7.4) containing 10* M FA'PFs and 50 mM glucose.

The reactions involved in the process are schematized in figure 4.11.

Glucose Glucono lactone

X

(GOx)ox (GOX)req

————— chemical reduction

X

FA* FAZ*

——— electrochemical oxidation

I

Figure 4.11 Mechanism of mediated electron transfer to detect GOx enzymatic activity.

Probe K+ (biotinylated probe with amino modification) was immobilized on

polycarbonate surface of NEA using the following procedure.
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Chapter 4: Surface Functionalization

NEA was immersed in a 0.1 M HEPES buffer solution (pH 7.5) containing 2 mM

EDC and 1 mM sulfo-NHS for 1 h at room temperature.

Then, the functionalization was done by spotting 250 pmol of K+ strands in

NaHCOs on the active area of NEA and incubating the system at 37 °C for 2 h.

Unreacted carboxylic groups were deactivated by immersion of the electrode in
0.01 M PBS solution (pH 7.4) containing 20 mM ethanolamine. The reaction

proceeded for 30 min at RT, under shaking.

NEA was rinsed with PBS and then 9 pmol of avidine modified glucose oxidase
were spotted on the active area, leaving the system react for 2 h at room
temperature. After that, NEA was rinsed several times with deionized water and
then cyclic voltamograms were recorded, before and after the addition of

glucose 50 mM (figure 4.12).

0,015

bare NEA
after funct
-+ GLC
< 00104
©
(]
b=
o
S
3] 0,005
0,000 -
5 T . T i T L4 1
0,0 02 0,4 06 0,8

Potential / V vs Ag/AgCl

Figure 4.12 CVs recorded in 10 M FA' dissolved in PBS 0.01 M before and after the addiction of
glucose C;=50mM (scan rate 5 mV/s in deaerate solution).
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Chapter 4: Surface Functionalization

The voltamograms reported in figure 4.12 show the CV behaviour of FA"
recorded using, as working electrode, the NEA functionalized with single-

stranded DNA-GOx complex (blue) and a bare NEE (black).

In presence of 50 mM glucose (red), the oxidation peak increases while the
reduction peak disappears. This voltamogram shape is typical for an
electrocatalytic process: in the presence of both the enzyme and the enzymatic
substrate, the mediator is chemically reduced at the electrode/solution interface
by reaction with the enzyme to be oxidized again directly at the electrodic
surface (see scheme 4.11). Therefore, the above described voltametric evidences
indicate that the functionalization on the NEA of GOx labelled probe was

successful.

The next step was to immobilize a capture probe on the polycarbonate film and
then to hybridize the complementary target labelled with glucose oxidase. The

functionalization using acD1 probe was done as previously described.

Then, the hybridization reaction was carried out by spotting 10 uL of 2.5 pmol/uL
complementary target solution (in HYB-1 solution) onto the capture DNA surface
and then the system was maintained at room temperature for 1 hour. The
resulting dsDNA-modified NEAs were rinsed five times in 0.01 M PBS over 10
minutes and after that 10 uL of 2.5 pmol/uL avidine-GOx solution was spotted on
the surface. Also in this case the system was maintained at room temperature

for 2 h.

The NEA was then rinsed several times and cyclic voltamograms were recorded
before and after the addition of glucose (figure 4.13). Also in this case, the
addition of the enzymatic substrate determines a variation of voltamogram
shape, indicating that the functionalization with the capture probe and the
subsequent hybridization with the GOx labeled target on the NEA were

successful.
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Figure 4.13 CVs recorded in 10* M FA" dissolved in PBS 0.01 M before and after addiction of
glucose C;=50mM (scan rate 5 mV/s in deaerate solution).

The same procedure was tested using a HPV 16 fragment of 50 nucleotides as

capturing probe and its complementary target.
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Figure 4.14 CVs recorded in 10* M FA" dissolved in PBS 0.01 M before and after addiction of
glucose C;=50mM (scan rate 5 mV/s in deaerate solution).
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In this case, after the addition of glucose, the voltamogram does not show any
variation (figure 4.14), indicating the absence of enzymatic reaction. Besides, this
also indicates that in absence of hybridization the enzyme does not adsorbs

aspecifically on the sensor surface.

To summarize, the functionalization with several probes and the hybridization
with small DNA sequences were successfully performed at the NEA surface and
both were detected electrochemically through enzymatic reaction using glucose
oxidase as label. Besides, there are some hurdles in hybridization of DNA longer

sequences that still need to be solved.
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5.1 Experimental Section

A different approach based on electrochemiluminescent detection using tris

(2,2'-bipyridine) ruthenium(ll) (Ru(bipy)s>*) has been investigated.

First of all, samples containing arrays of different geometries and dimensions

were fabricated (Figure 5.1).
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Figure 5.1 Schematic draw of samples fabricated for preliminary ECL experiments: r is dots radius,
d is centre-to-centre distance between dots, D represents the pitch between lines and w is the
width of lines.

The samples consist of 16 small arrays of dots and bands. Each line of the sample
consists of a series of four arrays in which the centre-to-centre distance (for
dots) or pitch (for bands) is kept constant, while the radius of dots or bands
width is increased. Note that all the arrays are electrically connected by the BDD
under-layer. This type of sample was fabricated in order to follow changes in the

reaction layer of RU(biPY)32+ as a function of shape and inter-electrode distance.
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The samples were fabricated by the following procedure:

e First of all, markers were created in order to easily locate the arrays with
the microscope. PMMA 671.05 was spin-coated at 5000 rpm for 1
minute on a BDD substrate and subsequently annealed at 170 °C for 15
minutes. The EBL exposure of marker pattern was done using

parameters summarized in table 5.1.

Dose 400 pC/cm?
Aperture 300 um (mag 220)
Bake 170 °C for 15 minutes
Current 310 pA

Developer IBMK:IPA=3:1
Temperature RT

Table 5.1 Summary of the conditions used for markers exposure.

After development, samples were evaporated with 30 nm of chromium,
followed by lift off in hot (CH3),CO in order to obtain BDD substrate with

metallic markers.

e Then the sample was treated with O, plasma for 15 seconds and a layer
of PC was deposited on it by spin coating. Structures reported in figure

5.1 were exposed by EBL. Process parameters are reported in table 5.2.

A scheme of the whole sample area fabricated for ECL experiment is shown in
figure 5.2, together with a dark field microscope image recorded with a Nikon

Optiphot 150 - brighfield/darkfield microscope.
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Resist PC3%

Spin Speed 2000 rpm

Bake 180 °C for 30 minutes
Dose 8000 uC/cm2
Developer NaOH 5M
Temperature 35°C

Table 5.2 Conditions used for arrays reported in figure 5.1 exposure.

Marker

\

Arrays

30 um

1.5mm

250 pm

1.5mm

Figure 5.2 Schematic representation of samples for ECL experiments. Visible Cr markers were
made by EBL, metal deposition and lift off. After that, arrays structures were lithographated on
polycarbonate film, inside the field delimited by markers.

For the electrochemical set-up, nanoelectrode arrays assembled as shown in
figure 5.4a were used as working electrode, while a platinum wire was used as

counter electrode.
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All the experiments were performed with a FAutolab type Il potentiostat using
an Ag/AgCI/KCl (3M) electrode as the reference electrode. A modified
epifluorescence microscope (BX-30, Olympus) was used for bright field (BF) and
ECL imaging. BF and ECL emission was collected by a 50x microscope objective
and detected by an Electron Multiplying Charge Coupled Device (EM-CCD)

Camera (Hamamatsu, 9100-13).

A scheme of the epifluorescence microscope that was used is reported in figure

5.3. Note that for the ECL emission measurements the Hg lamp emission was

turned off.
Hg lamp
Excitation filter
Ii j > | EM-CCD
: Dichroic mirror Emission filter
Sample '

Figure 5.3 Schematic representation of epifluorescence microscope.

The BF imaging (figure 5.5) was often performed just before ECL imaging (to
allow the comparison of the two images) thus the experimental set-up was the
same. The three-electrode homemade cell with transparent window was placed
in front of the microscope objective (figure 5.4b) using a three-axis submicron

manipulator (MDT616, Thorlabs, figure 5.6) for the alignment.

The electrodes were connected to a potentiostat. For BF imaging no potential
was applied. In contrast, for the ECL imaging there is no need of excitation light

source, while the application of a potential is required.
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The ECL reaction was generated by applying a constant potential at +1.2 V
vs.Ag/AgCl/KCl using chronoamperometry and the emitted light was detected by

the EM—CCD. No filter was used to diminish the loss of emitted light.

Figure 5.4 (a) Assembled array and empty cell used for the measurements; (b) Cell positioned in
front of the microscope objective for BF imaging.

Figure 5.5 Microscope image in bright field of arrays recorded with setup shown in picture 5.4.
The arrays were fabricated by EBL on polycarbonate deposited on BDD.
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Figure 5.6 Setup for ECL experiments: microscope and electrochemical cell. ECL images were
captured with 50x objective during chronoamperometry at 1.2 V vs. Ag/AgCI/KCl, 2 seconds
exposure time, images acquired in normal CCD mode.

The ECL images of the samples were recorded in PBS solution (pH 7.4) containing
1 mM Ru(bipy)s** in the presence of different concentrations of coreactants. In
particular TrPA and DBAE (dibuthylaminoethanol) were used. For ECL imaging,
the whole set-up, including microscope and camera, was placed inside a box in a

dark room to avoid environmental light to reach the CCD.

5.2 Results

Figure 5.7 reports ECL images recorded using a constant concentration of
RU(biPY)32+ and increasing concentrations or TrPA. As can be seen in the picture,
the increase in coreactant concentration generates a higher ECL intensity. At the
same time a shrinking of the radius/width of the reaction layer is detected.
Indeed, by increasing TrPA concentration, the light emission dots or lines are

more separated around each electrode element.
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min

Figure 5.7 ECL images obtained with increasing concentration of TrPA (indicated in top-left
corner of each box), recorded with 50x objective during chronoamperometry at 1.2 V vs.
Ag/AgCl/KCl, 2 seconds exposure time, images acquired in normal CCD mode.

In addition, analysing carefully the box relative to 85 mM TrPA, it can be seen
that the ECL intensity increases along the lines (with increasing radius, or band
width), and it decreases along column (with increasing space among elements).
So, for elements with the same radius or thickness, an increase of the ECL
intensity is observed by decreasing the spacing between the elements. The
variation of the ECL profiles with the coreactant concentrations for different disk

and band arrays is reported in figure 5.8.

As expected, the peaks are more defined when the coreactant concentrations
increase because the ECL-emitting region is more confined by the electrocatalytic

process.
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Figure 5.8 ECL profiles relative to different TrPA concentration for dots (a) and bands (b) arrays.
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All the above evidences agree with what expected on the basis of the theory of
ECL at arrays of microelectrode. The thickness of the catalytic reaction layer can
be calculated from the theory of catalytic processes at a hemispherical

ultramicroelectrode using the following equation:

-1

1
1 ([TrPA]2k3 ) 2
+ D

where rqy is the average apparent radius of a single electroactive dot of the
array, ks is the reaction apparent rate constant and D is the diffusion coefficient
of Ru(bipy)s>*/®". D is 5.9 x 10° cm? s™. The variation of k3 with pH is related to
the acid-base behaviour of TPrA and it is given by k3 = k/(1 + 10-PH*PKa) where k
is the intrinsic value of the rate constant. The values of k and pKa are
respectively 1.3 x 10’ M™* s and 10.4. At pH = 7.5, k3 is estimated to be 1.6 x 10*
M s.! Reaction layers calculated for dots with radius from 100 to 1000 nm and
increasing concentration of TrPA are reported in table 5.3. The same data are

reported in figure 5.9.

Reaction Layer (um)

[TrPA] mol/L
r=100nm r=300nm r=600nm r=1000 nm

0,001 0,0977 0,280 0,527 0,812
0,003 0,0961 0,268 0,484 0,714
0,005 0,0951 0,260 0,458 0,659
0,01 0,0932 0,246 0,417 0,578
0,03 0,0888 0,217 0,341 0,441
0,085 0,0824 0,183 0,263 0,319

Table 5.3 Reaction Layers calculated for different TrPA concentration and different dot radius.

! Chovin A., Garrigue P., Vinatier P., Sojic N., Anal. Chem. 76, (2004) 357-364.
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Figure 5.9 Reaction layers reported as function on TrPA concentrations.

For small radius dot, the reaction layers do not change in evident manner by
increasing the concentration of TrPA, while the effect is much more evident with

greater electrode radius.

Then, another coeractant, dibuthilaminoethanol was used and compared with
tripropylamine. As can be seen in picture 5.10, at similar concentration DBAE
gives the highest ECL intensity. Also with DBAE, ECL intensity increases by
increasing dots radius or bandwidth (along lines), and by decreasing spacing

between elements (along column).

30mM TPrA 40 mM DBAE

1100 10000 OO0ED

Figure 5.10 Comparison between ECL images obtained using TrPA and DBAE as coreactants,
recorded with 50x objective during chronoamperometry with potential application at 1.2 V vs.
Ag/AgCl/KCl, 2 seconds exposure time, images acquired in normal CCD mode.
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This result indicates that DBAE could be an optimal coreactant in the perspective
of coupled NEA/ECL biosensor future development, because thanks to his higher

ECL intensity with respect to TrPA, DBAE could eventually allow to lower

detection limits.
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Nanoelectrode arrays based on boron doped diamond and polycarbonate were
fabricated using electron beam lithography and nanoimprint lithography. In
particular, electron beam lithography parameters for polycarbonate
nanopatterning were optimized and polycarbonate shows to behave as a high

contrast positive resist, with inversion of tone at very high dose.

The electrochemical behaviour of our NEAs was tested. A treatment with O,
plasma was done in order to remove residues of polycarbonate from the bottom
of nanoelectrodes but also to increment carboxylic groups on the surface for
further functionalization. This treatments showed to improve the voltammetric
signals which acquire a sigmoidal shape over a broad range of scan rates,
indicating that under these conditions the diffusion regime is pure radial
(maximum improvement of signal to noise ratio), so every nanoelectrode in the
array is diffusively independent. Experimental values of limiting current are in

good agreement with the calculated ones.

Polycarbonate has shown to be a suitable substrate for functionalization with
DNA sequences, due to the functional groups present on its surface that can be
used for the direct linkage of the macromolecules. Moreover, because of its wide
surface available, it allows the immobilization of a large amount of biomolecules.
Future works will focus on linking different macromolecules like protein/

antibody on PC surface.

Hybridization experiments with short DNA sequences were done, demonstrating
the suitability of these systems for biological purpose, even if further efforts
should be done in order to apply these procedures to the detection of longer
DNA strands, as well as to test and validate the quantification limits of the
proposed sensors with respect to their application as real diagnostic tools, to be

employed also in clinical analyses.

Preliminar ECL experiment on modified arrays were carried out in order to follow
changes in the reaction layer of Ru(bipy)_:,2+ as a function of shape and inter-
electrode distance. In addition, a different coreactant was used (DBAE instead of

TrPA).
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In the perspective to combine our NEAs with ECL detection and obtain improved
biosensors, this study can allow to find the best conditions, regarding shape and
size of array elements, and coreactant nature and concentration, for optimal ECL

detection.
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